The identification of 'legal highs' is challenging as they often do not match their label claim and contain a wide range of impurities and/or adulterants. In addition, there is a need for techniques to be on-site, rapid and non-destructive. The feasibility of using the in-built algorithms of handheld near-infrared (NIR), Raman and attenuated total reflectance 
1.
Introduction ' Legal highs' or new psychoactive substances (NPS) are drugs of abuse (i.e., initially legal) that intend to mimic the effects of illegal drug substances. They include analogues of well-established drugs of abuse, psychoactive substances researched in the past, and pharmaceutical substances that are newly abused [1] . Since 2005, the European Monitoring
Centre for Drugs and Drug Addiction (EMCDDA) has investigated over 300 NPS [2] . These products are easily accessible via the Internet, labelled with attractive names such as 'Trip'
and 'Blurberrys', and advertised as 'research chemicals', 'bath salts' and/or 'not for human consumption' to surpass controlled drug regulations [3] . As they are advertised as legal alternatives to cocaine and ecstasy, they are often perceived as safe; however, there remains limited information on their pharmacology. In addition, they are often taken in combination with other drugs/alcohol or in repetitive doses within a short timeframe [4] [5] [6] . According to Corkery et al. , the reported deaths cases in the UK in which an NPS was implicated in a death rose from 10 in 2009 to 68 in 2012 [7] .
A key issue associated with these substances is that they often do not comply with their label claim, but contain a wide range of drug mixtures and/or impurities that may or may not be psychoactive [3, 8, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . This could result in dangerous consequences, such as neurotoxicity, when new derivatives are taken with other stimulants as cocktails [22] . In addition, the consumption of unknown psychoactive substances can impact on treatment. At present, there are no established protocols for treating those with NPS intoxications [23] . This is, in part, as a result of the varied chemical composition of these products, and the fact that little is known about the chronic use of these substances. In an effort to identify ambiguous new drugs such as these, samples have been collected from both patients admitted to hospital [8] and Amnesty bin samples [6] . In these circumstances, samples were transported from the hospital to laboratories for chemical analysis. This process is often time consuming and does not give immediate feedback to those who would benefit in the field. This stimulates the need for simple and rapid techniques for the identification of these products where they are encountered.
Currently, the most common techniques used for analysis of NPS include wet chemical techniques such as chromatography, mass spectrometry, nuclear magnetic resonance spectroscopy and hyphenated techniques (e.g., gas chromatography-mass spectrometry and liquid chromatography-mass spectrometry) [3, 8, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [24] [25] [26] . From these analyses, common adulterants identified in products have included stimulants such as caffeine; anaesthetics such as lidocaine, benzocaine and procaine; and inactive materials such as cellulose and talc to increase powder bulk.
There are limited studies on the use of laboratory-based solid-state techniques such as attenuated total reflectance Fourier transform-infrared (ATR-FT-IR) and Raman spectroscopy for the identification of 'legal high' products. Mainly, they have been used in conjunction with wet laboratory techniques to identify substances such as the phenethylamine 2C-N [27] , 5,6-methylenedioxy-2-aminoindane (MDAI) [10] , and the hydrochloride salts of buphedrone and pentedrone [28] . The use of Raman spectroscopy as an initial screening tool for NPS was investigated using (3,4-methylenedioxy)amphetamine [29] , β-ketophenethylamines [30] and cathinone regioisomers [31] , and showed promise for distinguishing drug analogues in seized samples. The examples above have been evaluated for lab-based instruments, which are not designed for in-field use.
Handheld instruments offer the advantage of carrying the laboratory to the sample.
For example, electrochemical approaches are often a promising area for in-field detection as these techniques are readily transferred from the lab to the field. To this end, the use of a dropping mercury electrode was shown to detect mephedrone in urine [32] , and more recently Smith et al. demonstrated the use of screen-printed electrochemical sensors for the detection of cathinone derivatives [33, 34] . On the other hand, portable instruments are also available for several solid-state spectroscopic techniques such as ATR-FT-IR, near-infrared (NIR) and
Raman. NIR and Raman spectroscopy are rapid and non-destructive, where several different samples can be measured within minutes. ATR-FT-IR is also a rapid technique and uses smaller sample amounts (i.e., a few milligrams) than the other two techniques, yet sample recovery is often difficult when cleaning the internal reflection element (IRE) between uses.
A number of studies report on the use of portable ATR-FT-IR and Raman instruments for the identification of drugs of abuse [35] [36] [37] [38] [39] ; however, these are mainly limited to classical drugs of abuse such as heroin, cocaine and amphetamine. Mabbott et al. showed the feasibility of using surface enhanced Raman scattering (SERS) with a portable Raman instrument for the detection of pure mephedrone [40] . More recently, Tsujikawa et al. investigated a number of psychoactive drugs including 'legal highs' using portable NIR with various data preprocessing steps [41] . There are a limited number of studies in this area and in order to focus resources appropriately, the suitability of the various portable vibrational spectrometers available for the identification of 'legal high' substances and products has yet to be investigated.
The objective of this work is to investigate three handheld spectroscopic methods (i.e., NIR, Raman and ATR-FT-IR) for the identification of 'legal high' substances in model mixtures and Internet products; and to propose a strategy for their use in monitoring products in the field by non-experts such as nurses, regulatory authorities and police. The study focuses on the 'legal high' substances dextromethorphan, 2-aminoindane, and lidocaine; and related products obtained from the Internet. The approaches to analyse the products are based on the instruments' in-built identification algorithms and spectral libraries composed of pure substances and mixtures with caffeine.
Experimental

2.1.Materials
Pure powder samples of two drugs commonly found in products available on 'legal high' websites, dextromethorphan hydrobromide (DXM) and 2-aminoindane hydrochloride (2AI) (Figure 1 
2.2.Handheld Instrumentation
Three handheld instruments obtained from ThermoFisher Scientific Inc. 
2.3.Method
Powders were measured through the vials using the microPHAZIR and TruScan RM.
A few milligrams from each vial were measured through direct contact with the instrument nozzle via a crusher attachment when using the TruDefender FT analyser. The IRE was cleaned between measurements using a Kimwipe and methanol. The instruments used an algorithm that collected spectra until an appropriate S/N ratio was obtained.
Using the three instruments, signatures (i.e., high quality spectra) were taken for the pure substances and the 50:50 mixtures of 2AI/CAF, DXM/CAF and LID/CAF, and stored in the library as a method. At times, the Raman signatures took notably longer to collect than when using the other two instruments depending on the Raman activity of the material measured and the fluorescence generated by the sample. A number of test samples were compared against the generated methods and included the pure substances, powder dilution mixtures, a blank test set, and Internet products. When testing substances against the built methods, three scans were taken for each sample.
2.4.Identification using gas chromatography mass spectrometry (GC-MS)
The composition of the Internet products was confirmed using gas chromatography mass spectrometry with electron ionisation (GC-EI-MS). A Varian 240 GC-240 MS ion trap instrument was used in full scan mode (range 40 -1000 m/z). The main constituents in the 'legal high' products were identified using a NIST library.
Results and Discussion
3.1.In-built identification method (or instrument algorithm)
The significance of the in-built identification algorithms, using the three instruments, is that they can give an immediate answer for the test product against library signatures.
The in-built algorithm of the microPHAZIR was based on the correlation in wavelength space (CWS) method [42] , which compares the test substance spectrum (B) against the library signatures (A). This is made by calculating the correlation coefficient (r) (Equation 1) between the standard normal variate-second derivative spectra (SNV-D2) of each test substance and the library signatures.
An r value of 1 meant that the spectra were identical, whereas a negative r value showed dissimilarity [43, 44] . However, it is difficult to get a value of 1 in practice due to noise effects.
An r value of 0.95 was used as a threshold [43] , where ≥ 0.95 the tested substance was considered consistent with the library spectrum and < 0.95 indicated the two substances exhibited differences.
Both the TruScan RM and the TruDefender FT analyser operated using Bayesian theorem. The TruScan RM operated using the same engines except that it started with calculating a probability value (PVAL) [45, 46] for the test substance spectrum against a selected library signature (Equation 2).
Equation 2 Where P (A|B) is the conditional probability of A such that B exists; it is also known as the posterior probability.
P (B|A)
is the conditional probability of B such that A exists; it is also known as the likelihood.
P (A)
is the prior or marginal probability of A.
P (B)
is the prior or marginal probability of B; this acts as a normalising constant. To summarise, the NIR and ATR-FT-IR algorithms compared the test spectrum to all library signatures, whereas the Raman algorithm compared the spectrum to a specific signature first. Additionally, the Raman and ATR-FT-IR's screen display showed both the associated spectra and correlation value; the NIR did not display spectra, but showed only the numerical correlation value.
3.2.Analysis of pure substances and dilution mixtures 3.2.1. Substance selection
For this preliminary study, substances that were commercially available in large quantities were selected enabling the preparation of a variety of powder mixtures. The substances used to construct the model mixtures (i.e., DXM, 2-AI, LID and CAF) ( Figure 1 ) were selected to evaluate a range of 'legal' substances currently available from Internet sources. DXM, an active pharmaceutical ingredient found in many cough suppressants, is known to cause hallucinations and phencyclidine (PCP) -like behavioural effects at high doses [47] .
Traditionally, this substance was abused by ingesting large quantities of cough suppressant, but more recently DXM has become available on Internet sites in powder form. DXM abuse continues to increase worldwide and it is particularly popular amongst teenagers [48, 49] . 2-AI is a conformationally rigid analogue of amphetamine and is one of the popular aminoindanes along with 5,6-methylenedioxy-1-aminoindane (MDAI) and 5-iodo-2-aminoindane (5-IAI) [22, 50] . It continues to be available on a wide range of Internet sites and has been used as a commercially available substitute for MDAI and 5-IAI and also used in branded products [51] .
LID was also used, as this substance, although traditionally used to cut cocaine due to its numbing effect, is now commonly used to cut 'legal high' products [3, 12, 52] . CAF, a stimulant, was chosen as the diluent because it is one of the major adulterants encountered in NPS [3, 52] .
MicroPHAZIR RX (NIR)
The 
TruScan RM (Raman)
The pure substances and 50:50 mixtures were consistent with their Raman signatures at or above the threshold (PVAL ≥ 0.05) with the exception of LID, which correlated (100%)
to its signature in discovery mode (Supplementary information). For the dilution mixtures, the TruScan RM algorithm compared each mixture against their corresponding 50:50 library signature first. For PVALs below 0.05, the spectrum was then compared against all library signatures in discovery mode and gave a % correlation (Table 2) . For all dilution mixtures, the spectra were either consistent with the 50:50 library signature (PVAL ≥ 0.05) or showed a % correlation in discovery mode.
Mixtures 1 (2AI/CAF), 2 (DXM/CAF) and 3 (LID/CAF) were consistent with (i.e., values shown in bold in Table 2 consistent with the CAF and LID signatures, respectively. In summary, the Raman instrument was able to identify the main constituent(s) of each dilution mixture either by obtaining a PVAL ≥ 0.05 or % correlation in discovery mode. As the TruScan RM algorithm can correlate a spectrum to more than one library signature in discovery mode, this improved identification for the dilutions mixtures in comparison to the MicroPHAZIR (NIR).
TruDefender ATR-FT-IR
All the pure substances were consistent with their own signature with values of 100%, 
3.3.Application to 'legal high' products
The contents of the 'legal high' products were initially verified using GC-EI-MS, and the main constituents with corresponding major ion peaks for each product are shown in Table 3 . Product 1 was labelled as 2AI but was composed of two constituents not on its label claim, CAF (m/z 194) and methyl phenidate (m/z 84). Products 2-6 contained a main constituent that was stated on their label claim. For example, products 2 and 3 were purchased as the products 'Blurberry' and 'Pink champagne' and were confirmed to match part of their label claim, 2AI (m/z 133) and CAF (m/z 194). The major ion peak for the DXM products 4-6 was seen at m/z 271. Product 7 was labelled as DXM, but was confirmed to contain CAF as the active ingredient.
The three spectroscopic instruments' in-built algorithms were at times complementary in identifying the main constituents in the 'legal high' products ( Table 3 ). The main constituents of all products were identified with one or two algorithms, however the correlation values were varied. One exception was methylphenidate in P1, which was not identified using the spectroscopic instruments as this reference was not present in the library.
Using the microPHAZIR CWS in-built algorithm, all products did correlate to a library signature, yet only one product correlated at a value above 0.95. This sample was labelled as DXM (P7) and correlated to the CAF signature (r = 0.9646). This agreed with the GC-EI-MS analysis, which gave a major ion peak at m/z 194 corresponding to CAF.
Products 1, 2 and 3 had correlations with CAF (0.835), 2AI/CAF (0.6767) and 2AI/CAF (0.3965), respectively, which were the major constituents found using GC-EI-MS. Although the correlation values were below 0.95 (i.e., indicating they were not an identical match), they do correlate to appropriate signatures as these products most likely contained other substituents. As mentioned previously with the dilution mixtures, it may be considered to lower the correlation coefficient threshold when identifying 'legal high' substances using this instrument as products are often a mixture of ingredients. Products 4-6 also gave r values below 0.95 ranging from 0.4265-0.5012 for MCC, which most likely was used as a cutting agent. Overall, NIR takes into account both the physical properties as well as the chemical constituents of a substances [54] and may be advantageous when comparing products suspected to be from the same source.
The TruScan RM probability in-built algorithm gave correlations for three products, which were labelled as DXM (P4 -P6). The products correlated to DXM in discovery mode from 87-88%. Figure 3a shows the Raman spectra of P4 with library correlations to DXM (87%) and isobutyl chloroformate (2%), where isobutyl chloroformate was discarded as the % correlation was less than 10%. These products were confirmed to contain DXM using GC-EI-MS (Table 3 ). Product 1 gave Raman scattering; however, did not correlate with any signature in discovery mode. Although this product contained CAF (m/z 194) confirmed using GC-EI-MS, it also contained methylphenidate, which possibly masked the CAF Raman signal. On the other hand, products 2, 3 and 7 showed a large fluorescence background with little discernable peaks indicating the products were cut with a highly fluorescent substance.
For example, the Raman spectrum of Pink champagne (P3) shows a broad featureless spectrum with no library correlation found (Figure 3c ). The use of a longer wavelength can reduce fluorescence, which may be needed for analysing certain 'legal high' products. In some circumstances, when a Raman active drug is present in high concentration the Raman scattering may still be seen with minimum fluorescence despite the presence of impurities.
This was observed for seized cathinone samples that were cut by calcium carbonate and other impurities [30] .
The TruDefender probability algorithm correlations varied markedly from the previous two algorithms. Whereas P4 -P6 were consistent with DXM using the TruScan RM, these products correlated to other existing libraries in the instrument as mixtures of starch, maltodextrin, amylose and amylopectin. An example of this is shown in Figure 3b where the FT-IR spectrum of P4 and its library correlations are represented. This indicates that the DXM present in these products was not pure and the additives used were likely carbohydrate in nature. Carbohydrates (e.g., starch) contain many polar C-O and O-H bonds, which are strong infrared absorbers and weak Raman scatterers. These results were similar to those seen for the NIR analysis, where these samples matched to the carbohydrate MCC. The use of the TruScan RM would be advantageous for quick identification of 'legal high' products that contain bulking agents of this nature. Products 3 and 7 had the highest correlation to CAF, which was confirmed using GC-EI-MS. These products also correlated to the LID/CAF signature, but as no LID was found using GC-EI-MS, this seemed to be a false positive due to the CAF being a stronger Raman scatterer in that particular Model mixture.
For Pink champagne (P3), the product correlated to CAF at 72%, but LID/CAF at 3%, thus the latter value was discarded (i.e., below 10%) (Figure 3d ). The presence of CAF in 'legal high' products, either in pure or mixed form, using ATR-FT-IR has been previously reported [10] . Product 2, Blurberry, produced an ATR-FT-IR signal, but the results were nonreproducible and correlated to a range of signatures including 2AI/CAF, LID/CAF, DXM/CAF, and CAF. Although the product was vortexed before each reading, the product may have retained some heterogeneity impacting on the reproducibility of the signal. Product 1 showed many peaks in the fingerprint area, but due to the presence of methyl phenidate, no match was found.
Conclusion
The use of a library method composed of pure and 50:50 mixtures for three handheld instruments shows promise for identification of 'legal high' substances. A summary of the instruments' performance for both dilution mixtures and 'legal high' Internet products is shown in Table 4 3 PVAL: probability value of the test substance spectrum against the selected library spectrum. A PVAL above 0.05 indicates that the test spectrum is consistent with the 50:50 library signature; the asterisk (*) indicates a PVAL < 0.05 where the algorithm then compared the test substances to other signatures in discovery mode. 4 Correlation (%): indicates how much the test spectrum is similar to the matching library signature(s). 
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